Role of the sulfhydryl group on the gas phase fragmentation reactions of protonated cysteine and cysteine containing peptides  by O’Hair, Richard A.J. et al.
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The gas phase fragmentation reactions of protonated cysteine and cysteine-containing pep-
tides have been studied using a combination of collisional activation in a tandem mass
spectrometer and ab initio calculations [at the MP2(FC)/6-31G*//HF/6-31G* level of theory].
There are two major competing dissociation pathways for protonated cysteine involving: (i)
loss of ammonia, and (ii) loss of the elements of [CH2O2]. MS/MS, MS/MS of selected ions
formed by collisional activation in the electrospray ionization source as well as ab initio
calculations have been carried out to determine the mechanisms of these reactions. The ab
initio results reveal that the most stable [M 1 H 2 NH3]
1 isomer is an episulfonium ion (A),
whereas the most stable [M 1 H 2 CH2O2]
1 isomer is an immonium ion (B). The effect of the
position of the cysteine residue on the fragmentation reactions of the [M 1 H]1 ions of all the
possible simple dipeptide and tripeptide methyl esters containing one cysteine (where all other
residues are glycine) has also been investigated. When cysteine is at the N-terminal position,
NH3 loss is observed, although the relative abundance of the resultant [M 1 H 2 NH3]
1 ion
decreases with increasing peptide size. In contrast, when cysteine is at any other position,
water loss is observed. The proposed mechanism for loss of H2O is in competition with those
channels leading to the formation of structurally relevant sequence ions. (J Am Soc Mass
Spectrom 1998, 9, 1275–1284) © 1998 American Society for Mass Spectrometry
During our studies on the gas phase alkylationreactions of amino acids and simple peptides,we became interested in understanding the
fragmention reactions of their related [M 1 H]1 ions [1,
2]. Cysteine and its peptides are of considerable interest
because the reactive thiol side chain can act as both an
intermolecular [1a] and intramolecular [2] nucleophile.
For example, we have shown that cysteine can be
S-methylated in the gas phase [1a] and that water loss
from the [M 1 H]1 ions of N-acetyl cysteine and gly-
cyl–cysteine can be induced by the thiol side chain (eq
1) [2]. In the former study we postulated that the two
important reaction channels in the collision-induced
dissociation (CID) of the [M 1 CH3]
1 ions of cysteine
result in (i), the formation of episulfonium ions (A) via
NH3 loss and (ii), the formation of immonium ions (B)
via loss of the combined elements of H2O and CO.
Possible mechanisms for the competing reactions for
the formation of (A) and (B) are shown in Scheme 1.
The role that the site of protonation has on the
fragmentation of amino acids and peptides has at-
tracted considerable recent interest [3–8]. The initial,
thermodynamically favored site of protonation may not
be the species that is ultimately responsible for frag-
mentation. Instead, intramolecular proton transfer may
be required to give a new ion that is more susceptible to
bond cleavage (fragmentation). This has led to the
concept of the “mobile proton model” to rationalize the
competing fragmentation reactions of peptides [8]. The
prototypical example is protonated glycine for which N
protonation yields the thermodynamically favored spe-
cies. Fragmentation of protonated glycine is, however,
triggered by translocation of the proton from the pro-
tonated amino group to the OH of the carboxylic acid
[cf. Path (B) in Scheme 1], which readily fragments via
loss of H2O and CO to form the immonium ion
[H2N¢CH2]
1 [5, 7f]. Recent ab initio calculations by Ug-
gerud [5] indicate that this intramolecular proton transfer
has a relatively large transition state barrier, whereas
subsequent steps leading to the loss of H2O and CO were
predicted to be less energetically demanding.
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The fragmentation reactions of cysteine offers a
unique opportunity to examine the competition be-
tween direct fragmentation of the thermodynamically
favored protonated species [Path (A) in Scheme 1]
versus proton transfer to an isomeric, less favored
protonated species prior to fragmentation [Path (B) in
Scheme 1]. A further point of interest is the direct
solution phase analogy to the gas phase loss of ammo-
nia from cysteine, leading to the formation of the
episulfonium ion (A) [Path (A) in Scheme 1]. For
example, cysteine and its esters undergo deaminative
cyclizations to give thiiranecarboxylic acids when
treated with sodium nitrite–hydrochloric acid (eq 2) [9].
In this case, the amino group of cysteine is converted
into a better leaving group (N2), thereby facilitating this
cyclization reaction.
In this article we examine: (i) the fragmentation
reactions of protonated cysteine under MS/MS and “in
source” CID MS/MS (hereafter designated as sCID/
MS/MS) conditions in both triple quadrupole and
quadrupole ion trap mass spectrometers [10], (ii) the
mechanisms for the formation of (A) and (B) via ab
initio calculations [11–14], (iii) whether loss of NH3 is a
general CID reaction of [M1H]1 ions for cysteine
containing peptides in which the cysteine residue is at
the N-terminus, and (iv) the influence of the reactive
nucleophilic sulfhydryl side chain of cysteine on the
formation of structurally relevant “sequence” ions.
Experimental
Methods
Cysteinyl–glycyl–glycine was synthesised using auto-
mated rapid SPPS methodologies on an Applied Bio-
systems (Foster City, CA) model 430A peptide synthe-
sizer as previously described [15]. The thiirancarboxylic
acid methyl ester was prepared according to a literature
procedure and was used without further purification
[9]. Amino acid and peptide methyl esters were pre-
pared as described previously [2]. All other reagents
were commercially available and were used without
further purification. D2-cysteine [H2NCH(CD2SH)
CO2H (98% D)] was obtained from Cambridge Isotope
Laboratories (Andover, MA).
Mass Spectrometry
Protonated cysteine [M1H]1 ions were formed via
electrospray ionization (ESI) on either: (i) a Finnigan
TSQ-700 (San Jose, CA) triple quadrupole mass spec-
trometer or (ii) a Finnigan model LCQ quadrupole ion
trap mass spectrometer. Samples, (0.1 mg/mL) dis-
solved in 50% methanol/50% H2O containing 0.1 M
acetic acid were introduced to the mass spectrometer at
2 mL/min via a length of 190 mm outside diameter 3 50
mm internal diameter fused silica tubing. The spray
voltage was set at 25 kV. Nitrogen sheath gas was
supplied at 30 lb/in2. The heated capillary temperature
was 200° C. In the triple quadrupole mass spectrometer,
MS/MS was performed by CID of selected ions. The
argon collision gas pressure was maintained at 2–2.5
mtorr. The collision energy was incremented in steps of
2.5 eV (laboratory frame of reference) from 5 to 30 eV.
“In-source” CID (sCID) in the tube–lens/skimmer re-
gion of the ESI source (1 30 V) was performed with
subsequent CID of selected product ions in the rf only
collision cell of the mass spectrometer. MS/MS experi-
ments were performed on mass selected ions in the
quadrupole ion trap mass spectrometer using standard
isolation and excitation procedures.
Computational Methods
Structures of minima and transition states were opti-
mized at the Hartree–Fock level using the following
molecular modeling packages: GAMESS [11], GAUSS-
IAN 94 [12], and Spartan (Ver 5.0) [13] with the stan-
dard 6-31G* basis set [14]. All optimized structures
were then subjected to vibrational frequency analysis to
determine the nature of the stationary points, followed
by a single point energy calculation of the correlated
energy at the MP2(FC)/6-31G* level of theory (FC 5
frozen core). Energies were corrected for zero-point
vibrations scaled by 0.9135 [16]. Intrinsic reaction coor-
dinate (IRC) runs were performed on each transition
Scheme 1
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state to check that they connected to the appropriate
minima. Complete structural details and lists of vibra-
tional frequencies for each HF/6-31G* optimized struc-
ture are available from the office of the Editor of J. Am.
Soc. Mass Spectrom.
Results and Discussion
MS/MS Studies on the [M1H]1 Ion of Cysteine
The fragmentation reactions of the [M1H]1 ion of
cysteine and D2-cysteine were studied as a function of
collision energy using the triple quadrupole instrument
(D2-cysteine was used to help assign fragment ions).
Figure 1 demonstrates the dependence of collision en-
ergy on fragment ion yield (expressed as a percentage
of the total ion abundance for each collision energy
value) for the [M1H]1 ion of D2-cysteine. At low
collision energies (,12.5 eV), the primary fragmenta-
tions observed corresponded to eqs 3–5 (consistent with
the proposed mechanisms shown in Scheme 1). It is
clear from the data in Figure 1 that the onset of ions at
higher collision energies results from the secondary
fragmentation of daughter ions generated at low colli-
sion energy values. Thus, at higher collision energies
(.12.5 eV), a new fragmentation channel was observed
corresponding to eq 6. At the highest collision energy
studied (30 eV), two additional secondary fragmenta-
tion products were observed (eq 7 and 8). The latter
reaction is noteworthy since it involves homolytic
cleavage of HSz to yield the radical cation
[CD2CHNH2]
1 z .
[H2NCH(CD2SH)CO2H 1 H]
13[HSCD2CHCO2H]
1 1 NH3 m/z 107 (3)
[H2NCH(CD2SH)CO2H 1 H]
13 NH4
11[SCD2CHCO2H] m/z 18 (4)
[H2NCH(CD2SH)CO2H 1 H]
13[HSCD2CHNH2]
1 1 H2O 1 CO m/z 78 (5)
[H2NCH(CD2SH)CO2H 1 H]
13 [SCD2CHCO]
1 1NH3 1 H2O m/z 89 (6)
[H2NCH(CD2SH)CO2H 1 H]
13 [SCD2CH]
11NH3 1 H2O 1 CO m/z 61 (7)
[H2NCH(CD2SH)CO2H 1 H]
13 [CD2CHNH2]
1z1 H2O 1 CO 1 HS
z m/z 45 (8)
In the LCQ, fewer fragmentation reactions were
observed upon collisional activation of the [M 1 H]1
ion of cysteine. Indeed the only two products are those
shown in eqs 3 and 5, which were formed in an
approximate ratio of 2:1.
These results compare favorably with previous
MS/MS studies on the fragmentation of the [M 1 H]1
ion of cysteine. For example, Kulik and Herma [4a]
carried out MS/MS on fast atom bombardment gener-
ated ions and found dominant loss of NH3 and minor
losses of H2O and (H2O 1 CO), whereas Harrison and
co-workers [4b] showed that under low energy CID
conditions, the exclusive loss of NH3 at low collision
energies and increasing amounts of H2O 1 CO loss at
higher collision energies was observed. Additionally,
Harrison et al. demonstrated that the [M 1 H 2 NH3]
1
ion fragmented further by loss of H2O and the [M 1 H 2
H2O 1 CO]
1 ion fragmented by loss of NH3 and sug-
gested that the [M 1 H 2 NH3]
1 ion was stabilized by
“anchimeric assistance by the sulfur substituent.” Nei-
ther group however, provided any detailed discussion
of the potential structures of the resultant product ions
or predicted possible mechanisms for the two major
(primary) fragmentation reactions.
To obtain further insights into the structures of the
product ions as well as the mechanisms for formation of
the two major fragmentation reactions of protonated
cysteine (eqs 3 and 5), both sCID/MS/MS studies and
ab initio calculations were performed. These results are
presented in the following sections.
sCID/MS/MS and Ab Initio Studies on Possible
Structures for the [M 1 H 2 NH3]
1 and [M 1 H 2
H2CO2]
1 Product Ions of Cysteine
The ms/ms spectrum of the [M 1 H]1 ion of cysteine is
shown in Figure 2A. In order to probe the structures of
the [M 1 H 2 NH3]
1 and [M 1 H 2 H2CO2]
1 ions,
and to determine the origin of the other product ions in
the spectrum, the potential of the tube-lens voltage in
the high pressure source region of the electrospray
ionization interface was increased by 130 V to induce
sCID fragmentation. Selected product ions were then
isolated and subjected to CID in the octapole collision cell.
Figure 1. Energy resolved CID of the [M1H]1 ion of D2-cysteine.
See Experimental section for details. Filled circle—m/z 124, filled
square—m/z 107, filled triangle—m/z 89, filled diamond—m/z
78, open square—m/z 61, open diamond—m/z 45, open circle—
m/z 18.
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Examination of the sCID/ms/ms product ion spectrum of
the [M 1 H 2 NH3]
1 ion (m/z 105) of cysteine, formed via
collisional activation in the ESI source of the triple quad-
rupole mass spectrometer (Figure 2B) revealed loss of
H2O (m/z 87) (cf. eq 6), (H2O 1 CO) (m/z 59) (cf. eq 7) and
minor formation of an ion at m/z 45. The sCID/ms/ms
product ion spectrum of the [M 1 H 2 H2CO2]
1 ion (m/z
76) of cysteine (Figure 2B) revealed loss of NH3 as the
major fragmentation product. A minor ion (m/z 43) cor-
responding to the loss of HS z was also observed (cf. eq 8).
What can we infer from these experiments? The loss
of H2O and the combined elements of H2CO2 (H2O 1
CO) for the [M 1 H 2 NH3]
1 ion of cysteine are indic-
ative of an ion containing a carboxylic acid functional
group [1a–c], which is consistent with an ion of struc-
ture (A). Similarly, losses of NH3 and HS
z from the
[M 1 H 2 H2CO2]
1 ion of cysteine are consistent with
an ion of structure (B).
To obtain further evidence that the [M 1 H 2 NH3]
1
ion of cysteine forms the episulfonium ion (A), we
synthesized the related neutral thiiranecarboxylic acid
methyl ester via a solution phase sodium nitrite–hydro-
chloric acid deamination reaction (eq 2) [5]. MS/MS of
the protonated product (m/z 119) resulted in the loss
of CH3OH and (CH3OH 1 CO) (Table 1). The product
ions observed and the relative yields compared favor-
ably with those seen in the sCID/MS/MS product ion
spectrum of the [M 1 H 2 NH3]
1 ion of cysteine
methyl ester (Table 1).
Although the sCID/MS/MS spectra were consistent
with structures (A) and (B) for the [M 1 H 2 NH3]
1
and [M 1 H 2 H2CO2]
1 fragment ions of cysteine, a
number of other isomeric structures are possible. In
order to gain insights into the stabilities of some of these
isomeric ions in the gas phase, we have turned to ab
initio calculations, focusing on five different structures
(A), (C)–(F) for the [M 1 H 2 NH3]
1 ion and four
different structures (B), (G)–(I) for the [M 1 H 2
H2CO2]
1 ion. Thus we have ignored isomers for which
complex skeletal rearrangements are required.
Figure 2. Triple quadrupole (12.5 eV, laboratory frame of refer-
ence) MS/MS spectrum of (a) the [M 1 H]1 ion and the sCID/
MS/MS spectra of (b) the [M 1 H 2 NH3]
1 and (c) the [M 1 H 2
H2CO2]
1 ions of protonated cysteine. See Experimental section for
details.
Table 1. Triple quadrupole mass spectrometric sCID/MS/MS of the [M1H]1 ions of cysteine derivatives
Parent species sCID product iona m/z
MS/MS product ions,b m/z (loss),
% abundancec
D2-cysteine [M 1 H 2 H2CO2]
1 78 61 (NH3) 84, 45 (NH3 1 SH) 14
D2-cysteine [M 1 H 2 NH3]
1 107 89 (H2O) 70, 61 (H2O 1 CO) 100
Cysteine–OMe [M 1 H 2 NH3]
1 119 87 (CH3OH) 100, 59 (CH3OH 1 CO) 64
Thiirancarboxylic acid–OMed — 119 87 (CH3OH) 100, 59 (CH3OH 1 CO) 42
aFormed by ESI-in source CID.
bMS/MS in collision cell at a collision energy of 12.5 eV.
cIons of less than 1% abundance are not shown.
dFormed by ESI-MS.
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Structures of type (A) result from loss of ammonia
via neighboring group participation by the sulfhydryl
group, whereas those of (C) and (D) involve neighbor-
ing group participation by the C¢O oxygen atom and
the HO oxygen atom of the carboxyl group respectively
[17]. Direct loss of ammonia results in the formation of
the secondary carbocation (E), whereas a 1,2 hydride
transfer from (E) would yield the resonance stabilized
ion (F). Ab initio calculations were carried out on each
of these structures [18].
Four different stable minima were located on the
HF/6-31G* potential energy surface for (A), whereas
two conformers were found for both (C) and (F).
Structure (D) was not stable, undergoing ring opening
to form an acylium ion (J). The secondary carbocation,
(E), does not appear to be a stable minimum at the
HF/6-31G* level of theory. All attempts to optimize
such a structure either with or without the imposition of
symmetry constraints resulted in ring closure to form
structure (A). The most stable minima for each of (A),
(C), and (F), are shown in Figure 3 and their energies are
reported in Table 2. Note that at the MP2(FC)/6-31G*//
HF/6-31G* level of theory, the episulfonium ion (A) is
predicted to be the most stable species, followed by (F)
(1 2.9 kcal mol21). Species (C) is predicted to be 36.8
kcal mol21 less stable than (A), suggesting that the
–CO2H group is a poorer neighboring group than –SH.
(Neighboring group participation involves intramolec-
ular nucleophilic attack at a reaction center, often fol-
lowed by displacement of a leaving group with the
formation of a cyclic product. In evaluating the relative
neighboring group participation ability of two different
groups, both the inherent nucleophilicity of the groups
as well as the stability of the resultant ring are factors.
For a discussion see [17].)
Structures (B), (G), (H), and (I) were examined as
possible candidates for the [M 1 H 2 H2CO2]
1 frag-
ment ion. Two stable conformers were located for (B),
whereas only one stable structure was found for (I)
(Figure 4). Structures (G) and (H) were both unstable at
the HF/6-31G* level of theory and yielded (B) and (I),
Figure 3. HF/6-31G* optimized geometries of various isomeric
[M1H 2 NH3]
1 ions.
Figure 4. HF/6-31G* optimized geometries of various isomeric
[M 1 H 2 H2CO2]
1 ions.
Table 2. Ab initio total energies and zero point vibrational energies of the isomeric [M 1 H 2 NH3]
1 and [M 1 H 2 H2CO2]
1 ions
of cysteine
Speciesa
Energies (hartrees) Relative energiesc (kcal mol21)
HF/6-31G* MP2b ZPVEd MP2e
[M 1 H 2 NH3]
1 ions
(A) 2663.47176 2664.32293 0.07945 0.0
(C) 2663.41705 2664.26236 0.07772 36.8
(F) 2663.47699 2664.31677 0.07817 2.9
[M 1 H 2 H2CO2]
1 ions
(B) 2530.94167 2531.46620 0.08147 0.0
(I) 2530.91177 2531.44645 0.08282 13.2
aSee text for structures.
bAt the MP2(FC)/6-31G*//HF/6-31G* level of theory.
cRelative to the most stable [M 1 H 2 NH3]
1 or [M 1 H 2 H2CO2]
1 ions, respectively.
dCorrected by 0.9135 [12].
eAt the MP2(FC)/6-31G*//HF/6-31G*10.9135 ZPVE level of theory.
1279J Am Soc Mass Spectrom 1998, 9, 1275–1284 FRAGMENTATION OF PROTONATED CYSTEINE
respectively, upon optimization. (B) is predicted to be
more stable than (I) by over 13 kcal mol21 (Table 2).
Given that the ab initio calculations indicated that
(A) and (B) are the most stable structures for the
[M 1 H 2 NH3]
1 and [M 1 H 2 H2CO2]
1 fragment
ions of protonated cysteine, we have examined the
potential energy surface for the formation of these ions
at the HF/6-31G* level of theory.
Ab Initio Studies on the Reaction Coordinates for
the Formation of the [M 1 H 2 NH3]
1 and [M 1
H 2 H2CO2]
1 Product Ions of Cysteine
Our results from above suggest that the most likely
structures of the [M 1 H 2 NH3]
1 and [M 1 H 2
H2CO2]
1 ions are (A) and (B), respectively. Given the
numerous conformations for the various isomers of
protonated cysteine, we have focused on finding the
transition state that yields the most stable conformer of
the episulfonium ion (A). An initial “guess” for this
transition state (TSA) was optimized at the AM1 level
of theory, and then reoptimized at the HF/6-31G* level
of theory. Vibrational frequency analysis confirmed that
(TSA) had an imaginary frequency of 368.13i cm21 at
the HF/6-31G* level of theory, which corresponds to
the intramolecular displacement of NH3 by the sulfhy-
dryl group [19]. The hessian from the vibrational fre-
quency analysis of (TSA) was then used to perform an
intrinsic reaction coordinate search to locate the starting
reactant [(N), a conformer of N-protonated cysteine]
and the intermediate (IA), which is an ion–molecule
complex [20] between ammonia and the episulfonium
ion. Dissociation of this ion–molecule complex (IA)
yields (A) plus neutral NH3, whereas proton transfer
prior to dissociation yields the neutral thiirane (T)
together with NH4
1. Each of the structures of these
HF-6-31G* optimized species are shown in Figures 3
and 5, whereas their energies at the MP2(FC)/6-31G*//
HF/6-31G* level of theory are given in Tables 2 and 3.
Given that Uggerud [5] has shown that the key
transition state for the loss of H2O and CO from
N-protonated glycine involves intramolecular proton
transfer from the amino group to the OH group, we
have focused on the analogous transition state for
cysteine. Taking the initial structure of N-protonated
cysteine found for the episulfonium ion reaction chan-
nel, a “guess” was made for the appropriate intramo-
lecular proton transfer transition state and this structure
Figure 5. HF/6-31G* optimized geometries of species associated
with formation of the episulfonium ion (A).
Table 3. Ab initio total energies and zero point vibrational energies for transition states, intermediates, and products for the
formation of (A) and (B)
Speciesa
Energies (hartrees) Relative energiesc (kcal mol21)
HF/6-31G* MP2b ZPEd MP2e
N-protonated cysteine
(N)
2719.72138 2720.74047 0.12116 0.0
Episulfonium channel
(TSA) 2719.67037 2720.69382 0.11605 26.1
(IA) 2719.67583 2720.69900 0.11567 22.6
(A) 2663.47176 2664.32293 0.07945 35.2f
(T) 2663.16235 2664.01716 0.07000 13.4g
NH3 256.18436 256.35372 0.03380
NH4
1 256.53077 256.69954 0.04867
Immonium channel
(TSB) 2719.65759 2720.68675 0.11528 30.0
(IB1) 2719.65787 2720.68448 0.11673 32.3
(B) 2530.94167 2531.46620 0.08147 29.3h
H2O 276.01075 276.19595 0.02100
CO 2112.73788 2113.01802 0.00508
aSee text for structures.
bAt the MP2(FC)/6-31G*//HF/6-31G* level of theory.
cRelative to N-protonated cysteine.
dCorrected by 0.9135 [12].
eAt the MP2(FC)/6-31G*//HF/6-31G*10.9135 ZPE level of theory.
fThe energy of NH3 has been added
gThe energy of NH4
1 has been added
hThe energy of H2O and CO has been added.
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optimized. Vibrational frequency analysis confirmed
that (TSB) had an imaginary frequency of 401.12i cm21
at the HF/6-31G* level of theory, which corresponds to
the intramolecular proton transfer from the N-proton-
ated cysteine isomer (N) to OH protonated cysteine.
The hessian from the vibrational frequency analysis of
(TSB) was then used to perform an intrinsic reaction
coordinate search to locate the starting reactant [(N), the
same conformer of N-protonated cysteine found from
TSA] and the intermediate (IB), corresponding to OH
protonated cysteine. The final ionic product, the immo-
nium ion (B), was optimized by removing H2O and CO
from the intermediate (IB). The structures of each of
these HF/6-31G* optimized species are shown in Fig-
ures 4 and 6, whereas their energies at the MP2(FC)/6-
31G*//HF/6-31G* level of theory are given in Tables 2
and 3.
How does the ab initio data on the energetics of the
transition states and final products relate to the exper-
imentally observed fragment ion abundances? Exami-
nation of Table 4 reveals that all three reaction channels
are endothermic, the least being the formation of NH4
1
and the neutral thiirane (eq 4). However, this ion was
observed as the minor product in the triple quadrupole
experiment and was not observed in the LCQ ion trap
mass spectrometer (there are two possible explanations
for the differences between the two instruments: (i) the
inherent limitations in trapping low mass-to-charge
ratio product ions in the LCQ might preclude the
observation of NH4
1; (ii) the lifetime of the ion–molecule
complex may be different in both instruments [21]).
Both this product and the related episulfonium ion
product (eq 3) arise from the same transition state,
which is predicted to be lower in energy by (3.9 kcal
mol21) than the transition state corresponding to the
immonium ion channel (eq 5). The relative ion abun-
dances in the MS/MS spectrum of protonated cysteine
reflect these relative barrier heights in both the triple
quadrupole and LCQ ion trap mass spectrometric ex-
periments, where the products from the episulfonium
ion channels (eqs 3 and 4) were formed in higher yield
than those from the immonium ion channel (eq 5).
MS/MS Studies on the Fragmentation Reactions of
Some Protonated Peptides Containing Cysteine
A number of different methods have been used to
examine the fragmentation mechanisms of protonated
peptides, including: (i) the use of deuterium labeling
[22]; (ii) the synthesis of derivatives such as methyl
esters [23]; (iii) neutral fragment reionization [6d, 7b, g];
and (iv) examining the dependence of fragment ions on
the internal energy of the [M 1 H]1 ion [24]. Unfortu-
nately, these methods have generally not been applied
in a systematic way to examine the influences of differ-
ent amino acid residues in dipeptides and tripeptides
on the formation of various product ions. A few studies
have, however, examined MS/MS spectra of the [M 1
H]1 ions of sets of peptides [25], including dipeptides
and tripeptides under similar MS/MS conditions. Of
these studies, those by Kulik and Herma [6b, 7a], Isa et
al. [6c], and Morgan and Bursey [7c, d] provide the
largest data sets.
Isa et al. [6c] have examined the MS/MS spectra of a
series of protonated dipeptides, Xxx–Gly; Gly–Xxx;
Xxx–Leu; Leu–Xxx (where Xxx represents various
amino acid residues), and have provided interesting
insights into the formation of the a1 versus y1 ions [26].
For Gly–Xxx, the y1 ions were always observed, as was
the a1 ion. In contrast, the y1 ion was rarely seen for
Xxx–Gly, where the a1 ion usually dominated. When
Gly was substituted for Leu, the abundances of the a1
ion increased for Leu–Xxx, as did the abundances of the
y1 ion for Xxx–Leu. These results suggested that the
proton affinity (PA) differences between the conjugate
bases of the a1 and y1 ions may play a role in the relative
abundances of the a and y1 ions.
Morgan and Bursey [7c, d] have carried out a de-
tailed analysis of the relative ratios of fragment ion
Figure 6. HF/6-31G* optimized geometries of species associated
with formation of the immonium ion (B).
Table 4. Comparison of energetics versus fragment ion yields for the fragmentation reactions of protonated cysteine
Reaction channel DEreact
0 a DE‡a % abundance in LCQ % abundance in QQQb
Episulfonium ion (A) 135.2 126.1 100 85
Thiiranecarboxylic acid (T) 113.4 126.1 . . . 25
Immonium ion (B) 129.3 130.0 50 100
akcal mol21. Calculated at the MP2(FC)/6-31G*//HF/6-31G*10.9135 ZPE level of theory.
bAt 12.5 eV (laboratory frame of reference). Calculated by summing ion abundances of (A) plus fragments derived from (A) and comparing these to
the sum of ion abundances of (B) plus fragments of (B).
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formation in the MS/MS spectra of a series of proton-
ated tripeptides Gly–Gly–Xxx, Xxx–Gly–Gly, and Gly–
Xxx–Gly (where Xxx represents various amino acid
residues). They found a linear relationship between the
log of the ratio of the ion abundances of the y1 ions versus
the b2 ions and the proton affinities of the C-terminal
amino acid substituents in the peptides series Gly–Gly–
Xxx. Thus, as the PA of the C-terminal amino acid sub-
stituent increases, the fraction of y1 ion formation in-
creases [7c]. An inverse relationship between the y2 ion
abundances and the PA affinity of the N-terminal residue
however, was found for the peptides series Xxx–Gly–Gly.
Thus, as the PA affinity of the N-terminal residue in-
creases, the fraction of y2 ion decreases [7d].
To examine the effect of a nucleophilic sulfhydryl
side chain on the fragmentation reactions of protonated
di- and tripeptides containing cysteine (which seem to
have been neglected in the literature), we have per-
formed MS/MS experiments on the [M1H]1 ions of the
methyl ester derivatives of cysteinyl–glycine (CG–
OMe) (m/z 193), glycyl–cysteine (GC–OMe) (m/z
193) [2], cysteinyl–glycyl–glycine (CGG–OMe) (m/z
250), glycyl–cysteinyl–glycine (GCG–OMe) (m/z 250)
and glycyl–glycyl–cysteine (GGC–OMe) (m/z 250).
The results of these MS/MS experiments are listed in
Table 5. In addition, the MS/MS spectrum of the [M1H]1
ion of GGG–OMe was also examined to determine the
relative role of the position and PA of the cysteine residue
on the formation of the various product ions.
The fragmentation of CG–OMe was similar to that of
the methyl ester of protonated cysteine, where loss of NH3
was observed as the major fragmentation reaction (cf. eq
3). For CGG–OMe, the major product ions observed
corresponded to cleavage of the glycyl–glycyl amide
bond, thus generating the complementary “sequence”
ions, b2 and y1 [26]. In addition, a number of ions corre-
sponding to the y2 ion and the “nonsequence” losses of
CH3OH, NH3, and (NH31CO) were also observed, albeit
at low abundance. The relative yields for the fragmenta-
tion of CGG–OMe compare favorably with the general
trends proposed by Morgan and Bursey [7d].
In contrast to CGG–OMe, where a complete set of
sequence ions were observed (i.e., y1, y2, b2 ions), both
GCG–OMe and GGC–OMe exhibited incomplete se-
quence ion formation and a dominant nonsequence ion
corresponding to the loss of H2O (Table 5). Clearly, the
position of the cysteine amino acid residue in the
peptide sequence is critical to the formation of sequence
and nonsequence ions. It is interesting to speculate that
the absence of a b2 ion, the low yield of the y1 ion
compared to GGG–OMe and the dominant H2O loss in
the MS/MS of the [M 1 H]1 ion of GGC–OMe may be
because of the direct competition between two neigh-
boring groups, the adjacent carbonyl oxygen [Path (C)
in Scheme 2] versus the sulfhydryl group [Path (D) in
Scheme 2], attacking the same protonated species. If this
were the case, then the relative fragment ion intensities
observed would be expected to reflect the relative
neighboring group abilities.
In addition to the mechanism proposed previously
for the loss of H2O from GC–OMe, as previously
discussed, (eq 1) [2] (see also Table 5) the dominant loss
of H2O from the tripeptides GCG–OMe and GGC–OMe
could also conceivably be because of nucleophilic attack
by the N-terminal amino group at the protonated
carbonyl of the second amide bond (eq 9), forming a
six-membered cyclic product. To determine if the loss of
H2O from GCG–OMe and GGC–OMe could be attrib-
uted to the latter reaction, the MS/MS of GGG–OMe
was examined. This simplest of tripeptides should also
show H2O loss if such a process was to occur (eq 9).
Examination of the data listed in Table 5 for the MS/MS
of the [M 1 H]1 ion of GGG–OMe reveals that no water
loss was observed. Thus, the dominant loss of H2O from
Table 5. LCQ CID MS/MS of the [M1H]1 ions of the methyl esters of several cysteine containing peptides
Peptide ester
Nonsequence ionsa,b Sequence ionsa–c
Other fragment ions
(neutral loss) % abundanceNH3 loss CH3OH loss H2O loss y1 y2 b2
CG–OMe 100 2 . . . 4 N/A N/A (NH3,CH3OH) 1
GC–OMed . . . 1 100 1 N/A N/A . . .
GGG–OMe . . . 8 . . . 100 . . . 79 (NH3, CO) 3, a2, 2
CGG–OMe 6 7 . . . 21 3 100 (NH3, CO) 5
GCG–OMe . . . 1 58 6 . . . 100 a2, 1
GGC–OMe . . . 1 100 14 . . . . . . . . .
aNonsequence and sequence ions were catagorized according to the site of cleavage. Only those ions formed by amide bond cleavage are termed
sequence ions. Fragment ion yields are expressed as a % abundance. Ions of less than 1% abundance are not shown.
b(N/A), nonapplicable; (. . .), ion was not observed.
cSequence ions are labeled according to accepted nomenclature schemes [18].
dData cited from [2].
Scheme 2
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GCG–OMe and GGC–OMe is most likely because of the
intramolecular nucleophilic attack process discussed
above (cf. eq 1).
Although much of the attention on the mechanisms
of MS/MS fragmentation has focused on the influence
of the site(s) of protonation, other factors are emerging
as being important. Examples include the conformation
of the ion [27] as well as the ability of various functional
groups within the peptide to act as nucleophiles. The
latter effect can have several consequences; the nucleo-
philic group can: (i) help “solvate” the charge site; (ii)
act as a proton shuttle (i.e., to transfer the proton from
one site to another in an intramolecular fashion); or (iii)
help induce cleavage (thereby acting as a neighboring
group participant) [7]. Note that whenever the nucleo-
phile acts as a neighboring group, it ends up being part
of a ring system (cf. eqs 1, 2, and 9). The notion that a
neighboring group may help trigger a cleavage reaction
is slowly gaining acceptance [4b, 7e, 7e, 28, 29]. For
example, the formation of oxazolones suggests that
peptide bond cleavage is triggered by the adjacent
carbonyl oxygen atom [7e] [Path (C) in Scheme 2].
Additionally, the side chain of aspartic acid has been
shown to help enhance the cleavage of adjacent peptide
bonds (via a proposed mechanism involving nucleo-
philic attack by the side chain) [28], whereas the a- and
«-amino groups of protonated lysine [29] have been
implicated in fragmentation reactions by neighboring
group participation.
Conclusions
Using a combination of collisional activation in a tan-
dem mass spectrometer, sCID/MS/MS experiments
and ab initio calculations [at the MP2(FC)/6-31G*//
HF/6-31G* level of theory], we have demonstrated that
the two major competing dissociation pathways for
protonated cysteine involving: (i) loss of ammonia, with
concomitant formation of a [M 1 H 2 NH3]
1 ion and
(ii) loss of the elements of [CH2O2] result in the forma-
tion of episulfonium (A) and immonium ions (B),
respectively. The transition state for formation of the
episulfonium ion product (A) was predicted to be
slightly lower in energy (3.9 kcal mol21) than the
transition state corresponding to the immonium ion (B).
The relative ion abundances in the MS/MS spectrum of
protonated cysteine reflect these relative barrier heights
in both triple quadrupole and LCQ ion trap mass
spectrometric experiments.
The position of the cysteine residue has been shown
to have a dramatic influence on the fragmentation
reactions of the [M 1 H]1 ions of cysteine containing
peptides. When cysteine was at the N-terminal position,
NH3 loss was observed, although the relative abun-
dance of the resultant [M 1 H 2 NH3]
1 ion decreased
with increasing peptide size. In contrast, H2O loss was
observed when cysteine was at any other position. This
dominant H2O loss and the lack of structurally relevant
sequence ions in the MS/MS of the [M 1 H]1 ion of
GGC–OMe may be because of the direct competition
between two neighboring groups, the adjacent carbonyl
oxygen and the sulfhydryl group, attacking the same
protonated species. Further studies are currently under-
way to assess the role of other side chains in the
fragmentation reactions of peptide [M 1 H]1 and [M 1
nH]n1 ions.
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